A set of horizontal to vertical spectral ratio (HVSR) and multichannel analysis of surface waves (MASW) measurements, carried out in the Altavilla Milicia (Sicily) area, is analyzed to test a geological model of the area. Statistical techniques have been used in different stages of the data analysis, to optimize the reliability of the information extracted from geophysical measurements. In particular, cluster analysis algorithms have been implemented to select the time windows of the microseismic signal to be used for calculating the spectral ratio H/V and to identify sets of spectral ratio peaks likely caused by the same underground structures. Using results of reflection seismic lines, typical values of P-wave and S-wave velocity were estimated for each geological formation present in the area. These were used to narrow down the research space of parameters for the HVSR interpretation. MASW profiles have been carried out close to each HVSR measuring point, provided the parameters of the shallower layers for the HVSR models. MASW inversion has been constrained by extrapolating thicknesses from a known stratigraphic sequence. Preliminary 1D seismic models were obtained by adding deeper layers to models that resulted from MASW inversion. These justify the peaks of the HVSR curves due to layers deeper than MASW investigation depth. Furthermore, much deeper layers were included in the HVSR model, as suggested by geological setting and stratigraphic sequence. This choice was made considering that these latter layers do not generate other HVSR peaks and do not significantly affect the misfit. The starting models have been used to limit the starting research space for a more accurate interpretation, made considering the noise as a superposition of Rayleigh and Love waves. Results allowed to recognize four main seismic layers and to associate them to the main stratigraphic successions. The lateral correlation of seismic velocity models, joined with tectonic evidences, allowed to plot two geological sections, showing the main pattern of geological formations and tectonic structures.
Introduction
The wavefield generated by earthquakes can show sharp variations that are frequency dependent, due to heterogeneity of the propagation medium (site effects). The site effects are generally controlled by the mechanical properties of the near surface layers, often consisting of soft sediments, or by tectonic or topographic discontinuities. (Nakamura 2000) . Microtremor is composed of both body and surface waves. Nakamura (1989) demonstrated that at the resonance frequencies of a stacking of layers, the horizontal to vertical spectral ratio (HVSR) of the seismic noise presents peaks well correlated with the amplification factor of S-waves coming from beneath. If the energy of the body waves component in the microtremor field is large, the function QTS approximates the amplification factor of the horizontal motion due to the body waves throughout the frequency range (Nakamura 2000) . However, the QTS approaches the ellipticity of the Rayleigh waves when their contribution to the noise field is predominant (Fäh et al 2001 , Fäh et al 2003 , Scherbaum et al 2003 . For this reason, while the frequencies of the peaks of the experimental HVSR curves are often well correlated with those of site effects, their amplitudes are little correlated with the amplification of the horizontal seismic motion.
Bonnefoy-Claudet et al (2006a) calculated the transfer functions for a simple one-dimensional model, consisting of a sedimentary layer covering a seismic bedrock. They showed that the peak frequencies of the transfer function for vertically incident SH waves are very similar to those of the ellipticity of the fundamental mode and first higher mode of Rayleigh waves. However, the amplitudes of the peaks are significantly different. Moreover, the same authors simulated different distributions of noise sources and showed that the HVSR peak amplitude depends strongly on the distribution of the sources, with values sometimes similar to the Rayleigh waves ellipticity and other times to the transfer function of the SH waves. In any case, peak frequency is a parameter of the HVSR curve that depends in a regular way on the propagation medium. This coincides with the frequency of one of the first modes of free vibration of the medium.
One of the most controversial aspects in the application of the HVSR technique concerns the selection criteria of the set of time windows of the microtremor records to use for the calculation of the HVSR curves. In this study the classification of the full set of computing windows has been obtained using a cluster analysis technique (D'Alessandro et al 2016) . This allowed us to achieve more reliable HVSR curves and, sometimes, to discriminate possible structural effects (site effects) and peaks attributable to the sources of microseismic noise (Rodriguez and Midorikawa 2002) .
Assuming that subsoil can be represented as a stack of homogeneous horizontal layers and imposing some geometric and /or physical constraints, it is possible to derive average parameters of the shear wave velocity (Fäh et al 2003 , Parolai et al 2000 . In fact, the inversion of the ellipticity curves, estimated from the H/V spectral ratio between the horizontal and the vertical component of the microtremors, shows problems of uncertainty not only related to the non-uniqueness of the solution of the inverse problem, but also to the nature of the H/V peaks, not always caused by stratigraphic discontinuities, and to the subjective choices done especially in the step of signal preprocessing.
The uncertainty on origins of the H/V peaks has been addressed using a multi-parametric clustering procedure of all significant peaks observed in the HVSR curves, to identify homogeneous groups of peaks (Capizzi et al , 2015 .
Finally, the non-uniqueness of the solution of the inverse problem have been partially limited using the MASW velocity models to constrain inversion of the HVSR curves. In fact the joint analysis of HVSR and MASW allowed us to finetune the structural models.
This work aims to assess the potentialities of an objective selection criteria of HVSR peaks and an integrated analysis of HVSR and MASW data to test hypotheses on shallow geological formations simply based on geological survey. This is a very frequent problem when, as in the case illustrated here, you perform studies of seismic microzonation of heavily urbanized areas, which need a detailed recognition of seismic velocities and thicknesses of sedimentary cover overlying the seismic bedrock .
The test site
The area of Altavilla Milicia, in the Tyrrenian coast of Sicily (figure 1) was chosen as the test site. This includes the town center and the adjacent coastal plain. This area is mainly characterized by outcrops of marine terraces and continental Pleistocene deposits that masks the bedrock consisting in the older geological formations. These latter, however, outcrop in the surrounding areas (figure 2) and have been studied in detail in the past (Montanari 1966 , Guarnieri 2004 .
We refer to field data collected in the context of a national cartography project (Catalano et al 2010 and to the literature regarding the adjacent areas (figure 2), where the outcropping succession and tectonic structures were derived primarily from the deformation of basinal and platform carbonate successions (Gasparo Morticelli et al 2015).
The post-Miocene stratigraphic sequence is well known in the area of Altavilla, as it was rebuilt by Ruggieri et al 1967 after the observation in Stazzone locality of a road trench in which the deposits from Upper Pliocene to Pleistocene were clearly visible. The location is indicated in figure 2 . This allowed to complete the stratigraphic sequence of the Pliocene series of Altavilla (Moroni and Paonita 1964) .
The outcropping Quaternary clastic succession is characterized by continental to transitional red-brownish deposits made by quarzite-sands and siltites (BNI) generally covered by eluvial/colluvial deposits (AFL) and outcropping in almost the entire coastal area (Middle Pleistocene-Holocene). These deposits cover marine terraces of sandstones, calcarenites, conglomerates and grey silty claystones bearing planktonic foraminifera (BLC, Zanclean-Piacenzian). The Plio-Pleistocenic successions unconformably cover the Numidian Flysch silico-clastic deposits (Upper OligoceneLower Miocene) and the substrate related to slope to deep water Imerese succession, made by Lower Liassic-Lower Oligocene litho-stratigraphic units. At the top of these the Caltavuturo formation (CAL, Upper Paleocene-Lower Oligocene) is characterized by calcilutites and siltstones. Downwards the Crisanti formation (CRI, Upper Lias-Upper Cretaceous) consists of a succession of radiolarites in thin layers alternating and siliceous shales with interbedded carbonate-clastic thick bodies, arising from the dismantling of a carbonate platform margin and it is divided into four members. Lower successions belong to the Fanusi formation (FUN, Lower Lias) consisting in dolomitic sandstones alternated to dolomitic breccias.
The study area is affected by a dominant Miocene compressional tectonics event (Montanari 1966) characterized by folds and associated low angle thrust faults (figure 2). Afterwards, Plio-Pleistocene high-angle transcurrent and extensional structures downthrow the inherited structures seawards i.e. towards East and North (Guarnieri 2004 . Particularly south to the study area (Pizzo di Cane-Mt. Cicio ridge), the outcropping Imerese succession was referred to the first-order tectonic unit (Montanari 1966) characterized by NNW-SSE trending asymmetric anticlinal, with WSW-ward vergence (figure 2). The major fold is associated (in the forelimb) with a low angle thrust and was subsequently dislocated (in the backlimb) by later high angle transcurrent and extensional faults, that downthrow the previous structures towards the coast.
Overall, the above-described compressional structures give rise to asymmetric folds with associated thrust and downthrow the Imerese units towards WSW (landwards), whereas the later high-angle faults downthrow them towards East and North (seawards).
Data recording and pre-processing
Microtremor measurements were carried out in 20 recording points spaced about 300 m, along two profiles: the line P in NW-SE direction near parallel to the coast and the line Q in NNE-SSW direction that crosses the town of Altavilla Milicia (figure 2). HVSR survey has been carried out according to the requirements of the SESAME project (2003, 2004) .
For the measurements a Tromino® seismic digital data logger has been used, equipped with three velocity sensors (Micromed s.p.a. Italy 2011). The recording time has been 46 min for each measurement point and the sampling frequency 256 Hz. Data were recorded between 24 April and 6 May, 2013.
Microtremor was recorded during the early hours of the morning or late in the evening to prevent from nearby anthropogenic noises. Adverse conditions such as wind, rain, traffic were also avoided and most of the measurements were carried out by placing the data loggers directly on the ground. Sometimes the recordings were repeated at a later date to estimate the repeatability of the results and to exclude any peaks due to meteorological phenomena.
The ends of each signal were suitably cut off so as to obtain time sequences of 2760 s. Each record has been divided into 276 time windows 10 s long. This partition allows to have an amount of analysis windows according to the SESAME (2004) recommendations and to detect peaks down to about 0.5 Hz. The lower limit of 0.5 Hz was chosen considering that no clear peak was visible below this frequency with the equipment used (Trsič and Runovc 2010).
The signal related to each time window has been detrended and baseline corrected. The data in the frequency domain have been filtered with a triangular window to obtain a smoothing of 10% and HVSR curves have been determined. A directional H/V analysis with angular steps of 10°, helped to control the isotropy of sources distribution (figures 6(e), 7(c), 8(c)).
Cluster analysis
In order to obtain reliable HVSR curves it is necessary to extract from microtremor records an optimal subsets of analysis time windows. The lack of a quantitative criterion for the windows selection, can lead to inaccurate estimates of frequency, amplitude and spectral index anisotropy of the main peaks of the average HVSR curve. To select an optimal set of time windows we have implemented a cluster procedure (Gan et al 2007 , Everitt et al 2011 , D'Alessandro et al 2016 .
Cluster analysis is the task of grouping a set of objects in such a way that objects in the same group (called cluster) are, in some sense, more similar to each other (internal cohesion), than to those in other groups (external isolation). The procedure implemented is based on Agglomerative Hierarchical Clustering algorithms (AHC, Gan et al 2007 , Everitt et al 2011 . AHC methods work with a measure of proximity between objects to be clustered and some linkage criteria. both proximity measure and linkage criteria have great importance for the effectiveness of the procedure. We adopted as proximity measure the standard correlation (SC xy ) defined as: where x i and y i indicate the values of the spectral ratios of two (x and y) 10 s time windows related to the ith frequency . As linkage criteria we used the complete linkage (CL). In the CL the dissimilarity between A and B is the largest dissimilarity between objects of A and objects of B. Agglomeration using CL tends to produce compact (spherical) clusters, avoid the 'chaining effect' typically observed using the simple linkage or average linkage criteria. The main return of the hierarchical clustering is the dendrogram, which shows the progressive grouping of the data. By moving up from the bottom layer to the top node, a dendrogram allows us to reconstruct the history of merges that resulted in the depicted clustering.
The selection of clusters is done cutting the dendrogram at specific level of similarity/dissimilarity. In this application the cutting level was chosen on the basis of some criteria (D'Alessandro et al 2016) that involve the maximum slope detectable of the level bar chart and on the basis of the large gap identifiable between two successive levels of the hierarchy in the dendrogram (Gan et al 2007 , Everitt et al 2011 .
The implemented clustering procedure has been applied to the HVSR curves related to 276 disjoined analysis windows of length 10 s extracted from each microtremor record. The choice of a small window length, even if it could cause border effects at low frequencies, is justified by the absence of evident peaks below 0.9 Hz, as resulted from a preliminary analysis. Figure 3 shows, the main result of the clustering procedure applied to the microtremor record related to P4 site. shows instead the HVSR spectral density obtained using all the 276 HVSR curves. We can observe the great dispersion of the data, especially at low frequencies (<3 Hz). Figure 3(c) shows the similarity matrix of the HVSR curves. This has been determined using SC xy , defined in equation (1), as similarity measure. The row and column indices of this matrix respect the chronological order of the analysis windows. A simple visual inspection reveals several groups of windows characterized by a very low level of similarity and other characterized by a very high level of similarity. However, a simple visual inspection of the similarity matrix does not permit to get further information about the nature of the data.
The dendrogram of figure 3(d) shows that the HVSR set can be split in different subsets. The best cutting of the dendrogram (at about 0.7) allows to identify a main cluster of 212 windows, characterized by a high level of internal cohesion. Two other little clusters of 10 and 54 windows are also identified.
The three component signals related to these two clusters show anomalous value of their amplitude spectra and a strong directivity in the corresponding HVSR curves. As previously observed, these clusters of HVSR curves suggest that the corresponding portions of the microtremor record were generated from local sources of noise.
Figures 3(e) and (f) show the average HVSR curve and confidence region determined using the whole set (276) and the windows of the main cluster (212 windows) respectively. We can observe that the two average HVSR curves are quite similar in shape but the one determined using only the windows of the main cluster shows a confidence interval much smaller. This is particularly evident at low frequencies where it is possible to identify a first peak at about 1 Hz, with an estimated amplitude slightly lower than the one of figure 3(e). In figure 3(f) , is also observable a large reduction of the confidence interval even at high frequencies, where we can identify, in addition to the clear peak at about 10 Hz, an additional small peak at about 20 Hz, unclear in figure 3(e) .
The application of the above discussed clustering procedure has resulted HVSR curves where the average confidence interval is reduced by 55%. Most of the average HVSR curves obtained with this procedure show one or more significant peaks, which could be attributed to stratigraphic discontinuities. The attribution of peaks to resonance phenomena of buried structures has been supported by the analysis of the standard deviation of the spectral amplitudes. Outlier windows are supposed as caused by near transient anthropogenic sources ( figure 3(c) ). The analysis of the azimuthal variation of the HVSR curves allows to discriminate between stratigraphic H/V peaks (lack of dependence of the peak width by azimuth) and peaks not attributable to stratigraphic discontinuities (strong dependence of the peak width by azimuth). The main HVSR peaks are summarized in table 1.
A second multi-parametric clustering procedure has been implemented and applied to the parameter vectors of all significant peaks observed in the HVSR curves, to group them from the point of view of H/V peak amplitude, corresponding frequency and the spatial coordinates of the measurement point. This clustering is carried out in order to delineate the areas to the inside of which it is possible to hypothesize a continuous trend of the parameters used to describe the subsoil and of the seismic response of the medium (Capizzi et al , 2015 .
A nonhierarchical centroid-based algorithm has been implemented (Capizzi et al , 2015 . The used algorithm does not fix the number of clusters (k ), but choose automatically, for each possible value of k the initial centroids from data set. The choice of the optimal number of clusters have been optimized maximizing R parameter, taking into account the intra-cluster (DEV IN ) and inter-cluster (DEV OUT ) variances:
Although various studies (Rand 1971 , Ohsumi 1980 indicate that different grouping strategies often lead to dissimilar results while others point to specific cases of strong divergence (Everitt 1979 , Fabbris 1983 . However, to assess the performance of clustering procedure, as suggested by Silvestri and Hill (1964) , selection criteria should include the stability of the partition results and the objectivity, for which researchers working independently on the same set of data should reach the same results. For this reason, different partitions obtained using the clustering algorithm have been assessed by comparing the pattern of the HVSR with local geological and topographic features. The results obtained assuming k=3, are shown in figure 4 . In particular, the spatial distribution of their elements is presented in figure 4 (a). Furthermore the H/V ratio and the distance from the centroid are plotted versus frequencies (figures 4(b), (c)). The cluster green (G) includes peaks belonging to data registered in the urbanized area (surveys P1-P3, Q1-Q4). These are characterized by frequencies between 1.0 Hz and 2.3 Hz and H/V between 1.9 and 2.9. The cluster red (R) includes three peaks relating to surveys P4-P6 and shows frequencies between 0.9 and 1.7 Hz and H/V between 3.8 and 4.6. Even if the frequency range of these two clusters are similar, we choose to consider them as separated cluster to highlight the difference in amplitude, probably caused by the interference of urbanized area in the cluster G. The cluster blue (B) comprises the main peaks relating to the measures Figure 3 . Main results of the clustering procedure applied to the microtremor record related to P4 site: (a) unfiltered three velocity components of the microtremors wavefield; (b) spectral density determined using the whole HVSR curves dataset; (c) similarity matrix; (d) dendrogram; (e) average HVSR curve and confidence interval determined using the whole dataset; (f) average HVSR curve and confidence interval determined using only the HVSR curves of the main cluster.
P7-P12 (but also the secondary peaks relating to the measuring points P1-P6) and is characterized by quite high frequencies, (6.1-29.2 Hz), and H/V between 1.4 and 5.2. Finally, the peaks of the measures Q5 and Q6 are outliers. No peaks are showed by H/V curves of P13 and P14.
In figure 5 the HVSR curves related to each of the two profiles are compared. In the curves of the line P (figure 5, left), it is easy to recognize peaks belonging to all the clusters. The clusters G and R are related to the measurement set P1-P6. These peaks are all characterized by a smoothed and wide shape, with maximum H/V values from 2.7 to 4.7 and central frequency from 0.9 Hz to 1.7 Hz. Between the surveys P6 and P7 a sudden pattern variation is evident: in the group P7-P12 (peaks belonging cluster B) frequencies of the main peaks are significantly higher than the previous surveys, ranging from 8 Hz to 30 Hz. Finally surveys P13 and P14 present no peaks. Observing the outcropping lithologies and geomorphological structures (figure 2), we can note that surveys from P1 to P12 are on Pleistocene terrains that cover the basinal formation of the Imerese succession, outcropping south of the profile. The abrupt change between P6 and P7 coincides with the S. Michele stream, which may suggest the presence of tectonic discontinuities, similar to those the outcrop to the south, with the consequent downthrowing of succession to the NW. Another tectonic discontinuity is assumed between P12 and P13 with outcrops of detritus and Quaternary deposits covering dolomitic limestones of the Fanusi formation, these latter outcropping nearby.
The HVSR curves related to the line Q (figure 5, right) are characterized by peaks of the cluster G (P2+Q1-Q4) having central frequency varying from 1.2 Hz to 2.3 Hz and H/V value from 1.7 to 2.9. Also this cluster is characterized by measurements performed on Pleistocene deposits covering the Imerese succession (figure 2). The surveys Q5 and Q6, considered as outliers in the cluster analysis, were carried out in an area where deposits of Numidian Flysch outcrop. 
Interpretation of the HVSR curves
The starting stratigraphic models used to constrain the interpretation of the HVSR curves have been inferred from an approximate geological model deduced by geological and geophysical information. The stratigraphic succession recognized by Ruggieri et al 1967 was considered to preliminarily estimate the thickness of the Plio-Pleistocene deposits, while lower Pre-Pliocenic Terziary and Mesozoic formations have been obtained from available cartographic information and geological sections (Catalano et al 2010 . The values of V s and V p at first attributed to each seismic layer are considered typical of the expected lithologies considering the results of the first tens of km of a crustal reflection seismic profile, as part of the SI.RI.PRO. research , recorded across central Sicily, from the Tyrrhenian shore to the Sicily Channel. The beginning of the profile lies close enough, to the southeast of the study area, in a zone characterized by a very similar geological setting, involving for the first km of thickness almost the same geological successions. The velocity model proposed by Accaino et al (2011) , obtained by the tomographic inversion, evidences geological formations characterized by high seismic velocities. The latter includes limestones, as calibrated by boreholes (Anselmetti and Eberli 1999). P-waves velocities greater than 2000 m s −1 are present at very shallow depths increasing to 4500 m s −1 between 0 and 1.5 km below sea level.
In this way typical values of V p and V s were assigned to each formation recognized in the stratigraphic succession (table 2) . These values are in agreement with those used for the same units by Albanese and Sulli (2012) , based on DIX interval velocity analyses, extracted from seismic profiles carried out in Central-Western Sicily, and with those reported by Catalano et al (2000) .
More accurate values of S-waves velocities and thickness of the near surface layers has been derived by the constrained inversion of several MASW surveys using the stratigraphic The multichannel analysis of surface waves (MASW) method allows us to determine the trend of the S-wave velocity versus depth by the extraction and the analysis of the multimodal dispersion curves related to horizontally traveling Rayleigh waves, through the analysis in the frequency-wave number (f-k) domain. We used the full velocity spectrum (FVS) inversion method (O'Neill et al 2003) , which is meant to invert velocity spectra and not (as in the standard approach) the dispersion curves. Each MASW arrays included 24 geophones with natural frequency of 4.5 Hz, equally spaced of 2 m. Shot records have been acquired using a vertical seismic sledgehammer of 6 kg, at three different offsets: 2, 4 and 6 m from the first geophone. Shot records have been processed using the winMASW software ( Dal Moro et al 2006) . The procedure involved the determination of the full velocity spectrum ( figure 6(a) ) and its inversion with genetic algorithms. The research space of parameters was in turn defined after a deep analysis of the velocity spectrum and also taking in consideration all the available geological information in the area. These comprise estimates of the thickness of marine terraces from the outcropping stratigraphic succession (Ruggieri et al 1967) and from other near surface drilling avalaible for the studied zone.
The MASW inverse models were used to define the starting models for the interpretation of HVSR curves, adding deeper seismic layers in order to justify the patterns of HVSR curves for frequencies lower than those involved by the predicted velocity spectrum obtained for the MASW ( figure 6(b) ). Much deeper layers have also been included in the preliminary models, since they are considered in the stratigraphic sequence (Ruggieri et al 1967) , even if they do not cause HVSR theoretical peaks. In fact, although the contrasts of seismic impedance associated with these layers are too small to generate significant peaks in the HVSR curves, their presence does not increase the misfit between theoretical and experimental curves in the frequency range investigated (figures 6(c), (d) ).
Using the starting models, theoretical HVSR curves were calculated by the code of Lunedei and Albarello (2009) based on the assumption that environmental noise is composed by the superimposition of random multi modal plane waves moving in all the directions at the surface of a flat layered visco-elastic Earth. It is assumed that these waves propagate as Rayleigh and Love waves generated by a uniform distribution of random independent point sources located at the surface of the Earth. Since body waves are not considered, this assumption is realistic only if sources are located far enough from the receiver. This implies that a source-free area exists around the receiver (Lunedei and Albarello 2009) and, consequently, all the time windows of the signal showing noise suspected to be caused by near sources must be removed.
The interpretative models (figure 6(d)) have been improved with a trial and error technique, in order to minimize the significant discrepancies between the experimental and calculated curves, based on assumptions based on stratigraphic sequence.
To facilitate the tracing of the geological interfaces in the interpretive model, the interpretation of HVSR curves has been led by an approach of quasi-homogeneity constraint. For each cluster we tried to identify, among the almost equivalent models, those characterized by lower relative variations of V s values, closer to that typical of the geological formations present in the area and reported in table 2.
Figures 7 and 8 show the comparison between experimental and theoretical HVSR curves relating to two other measuring points and the related velocity models. Experimental and synthetic HVSR curves usually show small differences in peak frequencies. Moreover, major differences were found for peak amplitudes. The directional analyses of filtered H/V show low azimuthal variations.
Geophysical sections and tectonic interpretation
The thicknesses and shear wave velocities of the main seismic layers, obtained by HVSR curves inversion, have been reported on topographic sections and stratigraphic boundaries were interpolated, without considering the available geological information, in order to construct two preliminary geophysical sections (figure 9). This is the simplest interpretation and, in absence of additional constraints, the most probable. Sections are characterized by the presence of four main seismic layers, each of which is associated with the The integration of geophysical data with all tectonic and stratigraphic information available for this area allowed to make a geological interpretation of the two geophysical sections (figure 10). In these sections, from the top we can recognize the following seismic layers (SL): SL I. Continental to transitional red-brownish deposits made by quarzite-sands and siltites (BNI) outcropping in almost the entire coastal area, locally covered by eluvial/ colluvial deposits (AFL) (Middle Pleistocene-Holocene SL IV. Slope to deep water succession (Imerese succession) made by lower Liassic-Lower Oligocene litho-stratigraphic units. In particular, the formations Caltavuturo (CAL), Crisanti (CRI) e Fanusi (FUN) were merged into a single seismic layer, since they could not be distinguished based on geophysical parameters alone. The only exception is the SE part of the line P ( figure 10, top) where the suboutcrop of these units allows to recognize the Fanusi It is worth pointing out that, in geophysical section Q ( figure 10, bottom) , the boundary of seismic layer IV is based only on the velocity models obtained for the measuring points P2, Q5 and Q6.
The vertical displacement of layers highlighted in the model is difficult to interpret because in general the structures are poorly exposed or buried beneath the Plio-Pleistocene covers. Moreover, the study area is characterized by a multiphase tectonic evolution (i.e. Miocene compression and later Plio-Pleistocene transcurrent and extensional tectonics).
The apparent dip showed by the two 2D profiles (figure 10), together with the analysis of the outcropping boundaries, allowed to estimate the dip of the seismic layers, mostly towards North. Profile P (NW-SE-trending) shows discontinuities whereby seismic layers are abruptly downthrown towards North.
Therefore, a high-angle strike-slip fault was hypothesized between the stations P12-P13, consistently with the dextral strike-slip faults recognized on the eastern slope of Pizzo Selva a Mare and downthrowing the Imerese successions seawards (Guarnieri 2004 . However any tectonic interpretation must consider the uncertainties due to the lack of well-log data in the study area and the sensitivities of MASW and HVSR techniques.
As regards the dislocations hypothesized between the stations P6 and P7, in coincidence with the depression of the S. Michele stream, is believed that in the geological model the presence of a high-angle fault may be assumed (characterized by transcurrent or extensional kinematic). This is compatible with high-angle faults that downthrown towards north the anticlines. This justifies the presence of the Numidian Flysch only in the Northwestern part in the section P, where the Imerese succession is downthrown.
Conclusions
The ambient noise measuring points were aligned on two profiles, traced in the coastal area of Altavilla Milicia, in an area where the Pleistocene deposits cover the underlying lithologies of the Imerese succession. These latter are interested by transcurrent or extensional kinematics, that make it difficult the geological interpretation.
The use of techniques of cluster analysis in the noise processing has enabled to recognize groups of similar HVSR curves and to relate them to similar interpretative seismic models. In fact, the pattern of the curves highlighted similar trends in contiguous surveys or, in some cases, strong differences corresponding to lateral geological discontinuities. Moreover the main HVSR clusters of peaks were considered to define the seismic layers, each characterized by a specific range of seismic velocities, and to associate them with the known geological formations. This information, together with inverse model obtained from MASW surveys, were used as constrains to delimit the field of the starting parameters for interpretation of HVSR curves, on the hypothesis that noise was made of Rayleigh and Love waves.
Contiguous HVSR curves having strong difference in patterns coincided with zones with lateral geological discontinuities.
The interpretation of the HVSR survey was supported by a detailed knowledge of the geological formations outcropping in the surrounding areas, by information on the tectonic history and by literature estimates of seismic velocities from seismic reflection profiles. The comparison of the HVSR pattern with the information about outcropping formations and faults allowed us to assess the geological and tectonic hypotheses on the heavily urbanized investigated area, even if the lack of well data did not allow the calibration of seismic velocity models and leaves some uncertainty about the tectonic hypotheses.
HVSR demonstrates a valuable method, when used in accordance with certain criteria in the acquisition and processing, not only for the estimate of the site amplification effects, but also for the assessment of the main geological and tectonic structures that define the seismic bedrock and coverage deposits.
